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Abstract

X-ray photoelectron spectroscopy technique was employed to characterize TiO2–ZrO2, TiO2–SiO2, TiO2–Al2O3, SiO2–
ZrO2, and SiO2–TiO2–ZrO2 mixed oxide supported MoO3 catalysts. The investigated mixed oxide supports are obtained by
a homogeneous coprecipitation method using urea as hydrolyzing agent. Molybdena (12 wt.%) was impregnated over these
calcined (773 K) mixed oxide supports by a wet impregnation method from aqueous ammonium heptamolybdate solution.
The XPS binding energy (BE) values of all the metals in the mixed oxide supports as well as Mo-containing catalysts are
found to shift from the values of the individual metal component oxides. The shift in BE suggests that the Zr in TiO2–ZrO2

and Ti in TiO2–Al2O3 acquire more negative charge after doping with MoO3 on these supports. The observed BE shifts, due
to variation in the lattice potential, are explained in terms of Kung’s model. The XPS atomic intensity ratio measurements
show that the interaction between Mo and Al is strong and the dispersion of molybdena is more on Al2O3 portion of the
TiO2–Al2O3 mixed oxide. In the case of MoO3/TiO2–ZrO2 and MoO3/SiO2–TiO2–ZrO2 samples, the Mo:Ti and Mo:Zr ratios
show that the Ti4+ and Zr4+ both contribute equally in the dispersion of molybdenum on these corresponding mixed oxides.
The FWHM values indicate the presence of different Mo(VI) species on TiO2–Al2O3, and a homogeneous distribution on
TiO2–ZrO2 and TiO2–SiO2 mixed oxide surfaces. © 2001 Elsevier Science B.V. All rights reserved.

Keywords:Molybdenum oxide; Mixed oxides; TiO2–ZrO2; TiO2–SiO2; TiO2–Al2O3; SiO2–ZrO2; SiO2–TiO2–ZrO2; Dispersion; XPS

1. Introduction

Supported molybdenum oxide catalysts are widely
used in various catalytic processes [1–5]. These
catalysts are normally obtained by impregnating the
catalytically active molybdenum oxide species on
an inorganic oxide support (Al2O3, SiO2, TiO2, and
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ZrO2) for the purpose of (1) increasing the catalytic
activity and selectivity, (2) extending the life of the cat-
alysts, and (3) augmenting the mechanical strength of
the catalysts. It is well established in the literature that
the structure of the dispersed molybdenum species is
closely related to the nature of the specific oxide sup-
port, the loading amount, the preparation procedure,
and the calcination temperature [1,5]. It is also well
known that the type of support plays an important role
on the catalytic properties and for a given reaction the
activity and selectivity of the catalyst can be improved
by the use of an appropriate support oxide [4].
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Previous research has highlighted the use of alu-
mina, silica, titania, and zirconia as supports for
molybdena based catalysts for hydroprocessing appli-
cations [1,6–9]. High activity and selectivity is usually
provided to a catalyst by the compounding of two or
more functionalities on the same material. To devise
a better hydrotreating catalyst two functions namely,
hydrogenolysis activity and acidity should be com-
bined. The need for new and improved hydroprocess-
ing catalysts with different distribution of catalytic
functionalities has increasingly inspired the research
in the use of mixed oxides as supports. Various mixed
oxides such as TiO2–SiO2, TiO2–ZrO2, SiO2–ZrO2,
TiO2–Al2O3 have already been attempted in a number
of industrially important catalytic reactions such as
dehydrocyclization ofn-paraffins to aromatics [10],
isomerization of butanes [11], dehydration of cyclo-
hexanol [12], selective catalytic reduction of NOx ,
etc. [13,14].

Several models have been proposed to explain the
dispersed state of molybdena on different single oxide
supports [1–5,15–17]. These models can be divided
mainly into two categories: the first model suggests
that under appropriate conditions a monolayer of the
dispersed ionic compound is formed on the surface
of the support, and the second proposes that instead
of forming an overlapping monolayer, the dispersed
metal cations are incorporated into the surface vacant
sites of the support with their accompanying anions
staying on top of them for charge compensation.
Among various spectroscopic methods available for
characterization of these catalysts [4,16,18,19], the
X-ray photoelectron spectroscopy (XPS or ESCA),
because of its high surface sensitivity (probing depth
ca. 2 nm), has been considered as one of the best
techniques for studying the dispersion of MoO3 on
various supports and to gain knowledge on the type of
interaction involved between the active metal species
and the supporting oxide. Thus, XPS has been utilized
for the general characterization of Mo-containing
catalysts and also to study the dispersion of Mo on
different supports by various groups [20–27]. How-
ever, in most cases onlyg-Al2O3 has been used as the
support material. The primary goal of this study was
to examine the dispersion and nature of Mo-oxide
species, as observed from XPS measurements, on dif-
ferent mixed oxide supports for the first time. The var-
ious mixed oxide supports TiO2–ZrO2, TiO2–SiO2,

TiO2–Al2O3, SiO2–ZrO2, and SiO2–TiO2–ZrO2 used
in this investigation are obtained by a homogeneous
coprecipitation method and were deposited with
MoO3 by adopting a wet impregnation technique.

2. Experimental section

2.1. Catalyst preparation

All the mixed oxide supports used in this investi-
gation are prepared by a homogeneous coprecipita-
tion method using urea as hydrolyzing agent [28]. The
appropriate amount of cold TiCl4 (Fluka, AR grade)
was initially digested in cold concentrated HCl and
then diluted with doubly distilled water. To this aque-
ous solution the required quantity of Na2SiO3 (AR
grade, Loba Chemie) or ZrOCl2·8H2O (AR grade,
Loba Chemie) or NaAlO2 (AR grade, Loba Chemie),
dissolved separately in deionized water, was added. An
excess urea solid (AR grade, Loba Chemie) was also
added to this mixture solution for better control of pH
and heated to 368 K with vigorous stirring. After about
6 h of heating a white precipitate was gradually formed
in the solution as the urea decomposition progressed to
a certain extent. The precipitate was heated for 6 more
hours to facilitate aging. The precipitate thus obtained
was thoroughly washed with deionized water until no
chloride ions could be detected with AgNO3 in the fil-
trate. The obtained cake was then oven dried at 393 K
for 16 h. In order to remove sodium ions the oven
dried precipitates were washed with aqueous ammo-
nium nitrate (Loba Chemie, GR grade) solution (5%)
and again with hot distilled water for several times.
The pure chloride free hydroxide coprecipitates thus
obtained were dried once again at 393 K for 16 h and fi-
nally calcined at 773 K for 6 h in open-air atmosphere.

Molybdena (12 wt.% nominal) was deposited on
various mixed oxide supports by adopting a wet
impregnation method. To impregnate MoO3 the cal-
culated amount of ammonium heptamolybdate (J T
Baker, England, AR grade) was dissolved in doubly
distilled water and a few drops of dilute NH4OH
was added to make the solution clear and to keep
the pH constant (pH= 8). Finely powdered calcined
(773 K) supports were then added to this solution
and the excess water was evaporated on a water-bath
with continuous stirring. The resultant solid was then
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dried at 383 K for 12 h and calcined at 773 K for 5 h
in the flow of oxygen (40 cm3 min−1). The rate of
heating (as well as cooling) was always maintained
at 10 K min−1. In the text all the catalysts contain-
ing 12 wt.% (nominal) MoO3 were labeled as MTZ
(MoO3/TiO2–ZrO2); MTS (MoO3/TiO2–SiO2); MTA
(MoO3/TiO2–Al2O3); MSZ (MoO3/SiO2–ZrO2)
and MSTZ (MoO3/SiO2–TiO2–ZrO2), and the pure
supports as TZ (TiO2–ZrO2), TS (TiO2–SiO2),
TA (TiO2–Al2O3), SZ (SiO2–ZrO2) and STZ
(SiO2–TiO2–ZrO2), respectively, for the sake of con-
venience in discussing the results.

2.2. XRD and BET surface area

X-ray diffraction analysis was performed on a
Siemens D-5000 diffractometer by using Cu Ka ra-
diation source and Scintillation Counter detector. The
XRD phases present in the samples were identified
with the help of ASTM Powder Data Files. The BET
surface area of the samples was determined by N2
physisorption at 77 K by taking 0.162 nm2 as the area
of cross section of N2 molecule.

2.3. XPS measurement

The XPS measurements were made on a VG sci-
entific ESCA Lab II Spectrometer (resolution 0.1 eV)
with Mg Ka (1253.6 eV) radiation as the excitation
source. The X-ray gun operated at 180 W (12 kV,
15 mA). The spectra were recorded in the fixed ana-
lyzer transmission mode, the pass energy being 50 eV.
Before the experiments the spectrometer was cali-
brated against Eb(Au 4f7/2) = 84.0 eV and Eb(Cu
2p3/2) = 932.6 eV [29]. The Ti 2p3/2 or C 1s lines
were taken as internal references with a binding en-
ergy of 458.5 and 285.0 eV, respectively [29]. An
estimated error of+0.1 eV can be assumed for all the

Table 1
Composition and BET surface areas of the mixed oxide supports used in the present study

Code Support Composition of
oxides (mole ratio)

BET SA (m2 g−1) XRD phases observed

TZ TiO2–ZrO2 1:1 160 Amorphous, ZrTiO4 (trace)
TS TiO2–SiO2 1:1 238 Amorphous, TiO2-anatase (trace)
TA TiO2–Al2O3 1:1 159 Amorphous
SZ SiO2–ZrO2 1:1 265 Amorphous
STZ SiO2–TiO2–ZrO2 1:1:1 330 Amorphous

measurements. The finely ground oven dried samples
were mounted on the standard sample holder and
covered by a gold mask. The sample holder was then
fixed on a rod attached to the pretreatment chamber.
Before transferring them to the main chamber the
samples were degassed (1× 10−7 Torr) in the pre-
treatment chamber overnight at room temperature.
The degassed samples were then transferred into the
main chamber and the XPS analysis was done at
room temperature and pressures typically less than
10−8 Torr. Quantitative analysis of atomic ratios was
accomplished by determining the elemental peak ar-
eas, following a Shirley background subtraction by
the usual procedures, and carried out by adopting the
well established procedures in the literature where the
sensitivity factors supplied with the instrument were
also taken into account [24,29–31].

3. Results and discussion

The N2 BET surface areas of various supports are
presented in Table 1. All the mixed oxide supports pre-
pared in this study are in X-ray amorphous state and
exhibited reasonably high BET surface areas. Further,
the mixed oxide supports obtained via the homoge-
neous coprecipitation method are also observed to be
uniform throughout the bulk [28,32]. The quantity of
MoO3 required to cover the support surface as a ge-
ometrical unimolecular layer can be estimated from
theoretical means [33]. Thus, an amount of 0.16 wt.%
MoO3 per m2 of the support is required in order
to cover the support surface as a single lamella of
Mo-oxide structure [33]. However, in reality the exper-
imentally observed actual loading was always less than
the theoretical estimation and corresponds to about
70% of the theoretical value [13,34–36]. For commer-
cial Degussa P-25 TiO2, Kim et al. [37] reported the
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necessary quantity of MoO3 as 0.12 wt.% per m2 of
the support. It is an established fact in the literature
that the amount of MoO3 required to form a mono-
layer on SiO2 support surface is relatively low because
of a weak interaction of the molybdenum ions with
the silica support surface. On the other hand, the TiO2
support takes up more molybdenum per unit surface
area than other supports such as Al2O3, CeO2, ZrO2
and SiO2 [1,2,7,8,20,21,31,33]. However, in the lit-
erature a 12 wt.% of MoO3 was commonly used for
hydroprocessing applications irrespective of the sup-
port employed [1,6–8,38]. In view of these reasons
a 12 wt.% MoO3 loading was selected in the present
investigation to impregnate on various mixed oxide
supports. Further, the pH of the impregnating am-
monium molybdate solution was also kept constant
(pH = 8) in order to have same molybdenum oxide
species on various supports [16]. Very interestingly,
none of these catalyst systems exhibited the presence
of crystalline MoO3 from XRD measurements after
calcination at 773 K. Further, the oxygen chemisorp-
tion measurements made as per the procedure reported
elsewhere [38–40] also revealed that the MoO3 is
in highly dispersed state on these mixed oxide sup-

Fig. 1. Zr 3d XPS spectra of various mixed supports and molybdena containing catalysts calcined at 773 K: (a) support; (b) MoO3/support.

ports. The O2 chemisorption is possible only on the
reduced Mo-oxide, which contains the co-ordinately
unsaturated sites. This method thus, discriminates be-
tween the monolayer and crystalline Mo-oxide phases
since their reduction behaviors are entirely different
[7,8,38].

The representative XPS bands of Zr 3d, Ti 2p, Si
2p, Al 2p, O 1s and Mo 3d are shown in Figs. 1–6,
respectively, and the corresponding binding energies
and the full width at half maximum (FWHM) values
are summarized in Table 2. For the purpose of bet-
ter comparison, the XPS bands of Zr 3d, Ti 2p, Si
2p and O 1s pertaining to the supports are shown in
Figs. 1a, 2a, 3a and 5a, respectively, and the corre-
sponding bands of MoO3 containing catalysts synthe-
sized with these supports are shown in Figs. 1b, 2b,
3b and 5b, respectively. These figures and the Table 2
clearly indicate that the XPS bands are highly sensi-
tive to the composition of the mixed oxide support and
also the presence of MoO3 on these carriers.

The binding energy of the Zr 3d5/2 band in the case
of TZ, SZ, STZ mixed oxide samples (Fig. 1a and
Table 2) was found to be higher than that of the pure
ZrO2 (182.5 ± 0.1 eV) [41,42]. This shift towards
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Fig. 2. Ti 2p XPS spectra of various mixed oxide supports and molybdena containing catalysts calcined at 773 K: (a) support; (b)
MoO3/support.

Fig. 3. Si 2p XPS spectra of various mixed oxide supports and molybdena containing catalysts calcined at 773 K: (a) support; (b)
MoO3/support.
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higher side could be attributed to an atomic disper-
sion of zirconia on the other support oxides and/or
the change in the coordination number of zirconium
by the formation of a Zr–O-Support (TiO2 or SiO2)
bond. In fact, there is enough evidence in the lit-
erature [41,42] in favor of an interaction between
zirconia and other oxide supports. In particular, the
TiO2–ZrO2 combination shows some exceptional
properties when compared to that of other combi-
nations. A direct compound formation (ZrTiO4) is
observed between TiO2 and ZrO2 oxides at 773 K
and above temperatures [28]. Other combinations did
not exhibit similar behavior. In general, the core-level
shifts are assigned to changes in the electronega-
tivities (Pauling term), in the ionicities (Madelung
term) and on the final states (relaxation term) in
the environment of the photoionized atom [43]. The
higher BE as observed in the present study unequiv-
ocally indicates that a higher positive charge on the
Zr, which implies a higher population of Lewis acid

Fig. 5. XPS of the O 1s binding energy region for various mixed oxide supports and molybdena containing catalysts calcined at 773 K:
(a) support; (b) MoO3/support.

Fig. 4. Al 2s XPS spectra of TiO2–Al2O3 mixed oxide support
and MoO3/TiO2–Al2O3 catalyst calcined at 773 K.
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Fig. 6. Mo 3d XPS spectra of various mixed oxide supported
MoO3 catalysts calcined at 773 K.

sites on zirconium when it is in the mixed oxide
matrix. Slinkin et al. [44] also reported a similar bind-
ing energy shift for a SiO2–ZrO2 mixed oxide support.
Their study further showed that ionicity of the mixed
oxide increases when compared to that of a single ox-
ide. Very recently, Bosman et al. [45] also reported

Table 2
XPS binding energies (eV) and FWHM (eV) values of various supports and MoO3 containing catalysts

Sample O 1s Zr 3d Ti 2p3/2 Ti 2p1/2 Si 2p Al 2s Mo 3d5/2

BE FWHM BE FWHM BE FWHM BE BE FWHM BE FWHM BE FWHM

TZ 530.5 5.5 184.5 6.5 458.5 6.0 464.0 – – – – – –
SZ 529.5 5.5 184.0 6.0 – – – 102.5 5.5 – – – –
STZ 531.0 6.0 184.5 6.0 458.5 6.5 465.0 103.0 5.0 – – – –
TS 531.0 6.0 – – 458.5 7.0 465.3 101.5 5.0 – – – –
TA 531.0 7.0 – – 459.0 6.0 465.0 – – 117.5 6.5 – –
MSZ 530.0 5.5 185.0 6.5 – – – 103.5 5.5 – – 235.0 7.5
MTZ 530.0 5.0 181.0 7.0 458.0 6.5 464.0 – – – – 235.0 7.5
MSTZ 532.0 6.0 185.0 7.0 459.0 7.0 465.5 103.5 5.0 – – 235.0 7.0
MTS 530.0 6.0 – – 458.5 7.0 464.0 103.0 6.0 – – 235.0 7.0
MTA 528.5 6.0 – – 457.5 8.5 463.0 – – 118.0 8.5 233.0 8.5

an increase in the binding energy of Zr 3d5/2 in a
differently obtained SiO2–ZrO2 mixed oxide sample.
The model of Kung [46] envisages that acidity may
be generated when differences in electrostatic poten-
tial occur for a cation A (oxide stoichiometry AOy) in
a matrix BOz. If it experiences more negative poten-
tial in the matrix BOz, the electron energy levels of
cation A are lower in energy in matrix BOz and the
cation can accept electrons more readily. Due to this
the cation A will act as a new Lewis acid site. For ox-
ides having the same stoichiometry, the Kung’s model
[46] was profitably employed to explain the generation
of acidity [45]. The Zr is less electronegative when
compared to Ti and Si (Pauling values Zr — 1.4, Ti
— 1.5, Si — 1.8), which reflects more ionic character
for ZrO2. The lattice self-potentials (−48.5 eV on av-
erage for SiO2, −42.3 eV for ZrO2 and−44.7 eV for
TiO2) also indicate that ZrO2 is more ionic [45]. This
means that the Lewis acidity could be predicted when
a Zr cation is incorporated in to a more covalent SiO2
or TiO2 matrix at the site of the substituting ion. Also
the structures proposed by Tanabe et al. [47] and Wu
et al. [48] clearly indicate that there is a possibility of
the observance of Lewis acid sites on Zr cation when
it is in the mixed oxide matrix.

The Ti 2p XPS spectra of Ti containing supports
(Fig. 2a) show two shoulder peaks at 458.5 (Ti 2p3/2)
and 464.0 eV (Ti 2p1/2), respectively, in line with the
earlier reports by Wauthoz et al. [49], Mukhopadhyay
and Garofalini [50], Wei et al. [51] and Reddy et al.
[52]. The observed BE values (Table 2) are in line
with the literature reports and are also close to that
of pure TiO2 (458.0–458.5 eV) [29,49–52]. However,
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there is a small variation in the case MTA sample,
which will be dealt in the latter paragraphs. A sim-
ilar, however insignificant, variation in the Si 2p BE
was also noted for SiO2 containing TS, SZ and STZ
supports (Fig. 3a, Table 2) when compared to that of
pure SiO2 (103.7 eV) [45]. As envisaged by Tanabe
et al.[53] that the more dehydroxylation makes the Zr
site more positive in the TiO2–ZrO2 mixed oxide ma-
trix. A similar analogy can be envisaged for various
mixed oxide supports in the present investigation.

The XPS bands of O 1s of various mixed oxide
samples are shown in Fig. 4. The O 1s profile is, in
general, more complicated due to overlapping con-
tributions of oxygen from individual support oxides
as well as from MoO3 in the case of Mo-containing
catalysts. As reported in the literature [29,45,54] the
O 1s binding energy for various single oxides SiO2,
ZrO2, and TiO2 is 533.0, 530.4, and 530.1 eV, respec-
tively. However, the O 1s band as shown in Fig. 4a and
Table 2 for various mixed oxide supports reflects some
lowering of the BE for the SZ support and MTA sam-
ple. The simultaneous decrease of O 1s and Si 2p
BE for the SZ mixed oxide gives an indication of a
stronger covalence of Si–O bond in the mixed oxide
matrix [45]. Earlier, Barr and Lishka [55] observed an
increase in the covalent character of Si–O bonds in
Si/Al binary oxide, which normally leads to a large
number of Brönsted acid sites. Therefore, generation
of some small number of Brönsted acid sites in the case
of SZ mixed oxide could be expected since protons are
required to balance the excess negative charge on the
oxygen atoms. However, the lowering in the binding
energies, in the case of MTA sample, may be due to the
formation of a molybdate compound [Al2(MoO4)3]
between MoO3 and Al2O3, which reorganizes the uni-
formity in the composition of TiO2–Al2O3 oxide.

The influence of MoO3 on various mixed oxides is
emphasized in the following paragraphs. As can be
noted from Table 2 that there is a significant fall in
the BE of Zr 3d core level electrons in the case of
MTZ sample. However, no such decrease is observed
in the case of Ti 2p lines for this sample. As the elec-
tron deficiency is more on Zr site so it is obvious
that there will be a co-ordination by Mo–O-terminal
of the MoO3. Hydroxyl groups are normally present
more on titania rich domain and co-ordinate through
Ti–O-terminal to the Mo center of the MoO3 as shown
in Scheme 1. This type of bi-dentate species formation

Scheme 1.

has been reported recently by Rajagopal et al. [56], and
Henker et al. [57] for MoO3/Al2O3–SiO2 catalyst sys-
tem. According to them, at low loadings molybdate re-
acts strongly by forming bidentate species with a pair
of adjacent surface hydroxyl groups of the support.
However, at higher loadings (near or above monolayer
coverage) anchoring of molybdate anions by reacting
with a hydroxyl and an adjacent Al-cus (coordinately
unsaturated site) has been proposed. The structure pro-
posed by Ramirez and Gutierrez-Alejandre [58] for
WO3/TiO2–Al2O3 system recently also strengthens
this speculation. Thus, there will be a decrease in both
Lewis and Brönsted acid site concentration after dop-
ing with MoO3. As can be seen from Table 2 that
there is a small increase in the FWHM of Zr 3d peak
in the case Mo-containing samples (MSZ, MTZ and
MSTZ) when compared to that of pure supports. The
broadening of Zr 3d peak indicates an electronic inter-
action between the active component MoO3 and the
support oxide, in particular the ZrO2. A definite com-
pound formation (ZrMo2O8) was also noted between
MoO3 and ZrO2 beyond 773 K calcination tempera-
tures [28]. In the case of SZ and STZ supports, the Si
2p and Ti 2p BE values have been shifted to higher
side after doping with MoO3, which indicate a lower-
ing of negative charge density on Si and Ti atoms due
to the binding through M–O– (where M is either Si or
Ti) terminal to the molybdenum.

A closer examination at the binding energy profiles
of Si 2p, Ti 2p, Al 2s and O 1s lines (Table 2) for
the TS and TA supports before and after Mo doping
provides an interesting information. The O 1s BE
of the TS (531.0 eV) support was found to shift to
a lower value when compared to that of pure SiO2
(533.0 eV). Since the Ti is more electropositive in
nature than the Si, the O 1s core electron binding
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energy is decreased when a Si–O–Si bond is replaced
by a Ti–O–Si bond in the TS mixed oxide matrix. The
Ti–O bond is more ionic in character thus making
Si–O bond more covalent by increasing the negative
charge density on oxygen atom due to which the O 1s
BE has been shifted to the lower side. The decrease in
Si 2p BE in the case of TiO2–SiO2 mixed oxide sup-
port compared to that of pure SiO2 also establishes
the more covalent nature of Si–O bond in TS mixed
oxide. This observation is in line with our earlier
XPS study of the V2O5/TiO2–SiO2 catalyst system
[52] and also the reports made by some other groups
[53]. There is also a shift of Si 2p BE towards higher
value after molybdena doping on STZ, TS and SZ
supports, which implies a partial removal of negative
charge density from Si atom due to bonding through
Si–O– terminals. Presence of Brönsted acid sites on
Si in TS mixed oxide are mainly due to more strength
of Si–OH bonds because of charge imbalance created
between octahedral Ti and tetrahedral Si [59].

The XPS spectra of TA and MTA samples (Fig. 4)
reveals some interesting information. The Al 2s line
for both TA and MTA samples shifted to the lower side
when compared to that of pureg-Al2O3 (119.1 eV)
[60]. The shift of the Al 2s peak towards lower side
in both TA and MTA samples gives indication about
changes in the electronic environment around Al atom
in both the cases. Incorporation of Al3+ cation into
TiO2 matrix causes an increase in the negative charge
in the vicinity of Al3+ surroundings because of ex-
cess oxygen around it. This effect is thus reflected in
the decrease of Al 2s BE. The excess negative charge
may be balanced by adsorption of protons on the sur-
face and which may act as new Brönsted acid sites.
Bonding through Al–O– terminal to MoO3 minimizes
the excess negative charge around Al3+ cation due to
which a little increase in the Al 2s BE is noted in the
MTA sample when compared to that of TA support.

A closer examination of Mo 3d bands and FWHM
values as shown in Fig. 6 and Table 2 provide an inter-
esting information about the oxidation state and chem-
ical nature of molybdena species on various supports.
The binding energy values presented in Table 2 indi-
cate the presence of Mo(VI) species on all the support
surfaces [25]. Very interestingly, the Mo 3d doublet is
well resolved in the case of MTZ and MTS samples.
Among all the samples the peak broadening is maxi-
mum in the case of MTA sample which has the highest

FWHM value of 8.5 eV. Nag [21] studied the interac-
tion of molybdena with different single oxide supports
by XPS technique. It was noted that the resolution
of the doublet peak was quite poor for MoO3/Al2O3
catalyst and improved considerably as one passes
from Mo/SiO2 to Mo/ZrO2 to Mo/TiO2 systems. The
broadening of ESCA peak has been attributed to vari-
ous factors including (1) the presence of more than one
type of Mo(VI) with different chemical characteristics
which cannot be discerned by ESCA [23], (2) electron
transfer between active component and the support
(metal-support interaction). The previous character-
ization studies using in situ Raman and XANES
spectroscopies revealed that the structure of surface
molybdenum oxide species are primarily isolated,
tetrahedrally coordinated at lower loadings and tend
towards polymerized, octahedrally coordinated at
higher loadings (near or above monolayer coverage)
[4]. At monolayer coverage the structure of surface
molybdenum oxide species primarily possesses an
octahedral coordination on TiO2 and mixture of tetra-
hedral and octahedral coordination on Al2O3. The
ionic radii of Al3+ and Mo6+ in the tetrahedral (0.39
and 0.41 Å) and octahedral (0.535 and 0.59 Å) con-
figuration, respectively, are similar. Cacers et al. [61]
suggested that there would be more homogeneous
distribution of Mo species on TiO2 than on Al2O3.
The maximum Mo 3d peak broadening in the case
of MTA sample provides evidence regarding the ex-
istence of different octahedral and tetrahedral Mo
species on TA mixed oxide surface. The size of Mo6+
also resembles more with ZrO2 making a uniform
distribution of MoO3 species on ZrO2 support [62].
Thus, on the TZ and TS supports the Mo6+ species
has more uniform chemical environment than on the
TA support. This fact is clearly reflected in the better
resolution of spin–orbit coupled peaks in Mo 3d pho-
toelectron spectra. Formation of ZrMo2O8 compound
at higher temperature (973 K) for MTZ system due
to better fittings of Mo6+ in ZrO2 matrix has been
observed recently [63].

The dispersion of metals or metal oxides on var-
ious support surfaces can be estimated from ESCA
atomic intensity ratio measurements of different
peaks [24,52,60,64–66]. A detailed account of these
calculations have been elaborated elsewhere [24].
As mentioned earlier, the impregnated molybdenum
oxide is in a highly dispersed state and expected to be
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Fig. 7. XPS intensity ratios for various mixed oxide supports.

uniformly distributed on various supports. The dis-
persion measurements obtained from XPS atomic
intensity ratios are expected to provide information
about the relative dispersion of Mo on various sup-
ports. Thus, obtained atomic ratios for various mixed
oxide supports and Mo-containing catalysts are shown
in Figs. 7 and 8, respectively. As can be noted from

Fig. 8. XPS intensity ratios for various mixed oxide supported
MoO3 catalysts.

Fig. 7 that the Ti:Al ratio is maximum among all the
intensity ratios calculated. This observation gives an
impression that in the case of TA support the surface
is more enriched with TiO2. A similar high surface
enrichment of TiO2 can also be noted in the case of
TS and STZ supports. However, in the case of TZ
and SZ supports the distribution of individual oxides
is more uniform on the surface. As can be noted from
Fig. 8 that the Mo:Al ratio has been found to be maxi-
mum when compared to other corresponding intensity
ratios indicating a high dispersion of molybdena on
Al2O3 in the case of TA mixed oxide support. This
clearly indicates that the interaction between MoO3
and Al2O3 is more when compared to other oxides
[47]. Of course, the formation of a Al2(MoO4)3 com-
pound is a well established fact in the literature in
the case of MoO3/Al2O3 catalysts when calcined at
773 K. Further, the Mo:Ti and Mo:Si intensity ratios
in the case of MTS catalyst give an impression that
the dispersion of molybdena is more on Si than on
Ti. A closer comparison of the Ti:Si ratio for TS and
MTS catalysts show that the surface enrichment of
Ti4+ is more when compared to that of Si4+, thus
making the IMo/ITi value lower. However, the Mo:Ti
and Mo:Zr ratios in the case of MTZ and MSTZ
samples show that the Ti4+ and Zr4+ both contribute
almost equally in the dispersion of molybdena on
these corresponding mixed oxides.

4. Conclusions

The XPS characterization of MoO3 on TiO2–ZrO2,
TiO2–SiO2, TiO2–Al2O3, SiO2–ZrO2, and SiO2–
TiO2–ZrO2 mixed oxides provides some valuable
information. Among various mixed oxide catalysts
studied the MTZ and MTA have drawn special atten-
tion. The shift in Zr 3d XPS binding energy towards
lower value after doping the TZ with MoO3 indicates
more negative charge density on zirconium. Similarly,
the Ti site also acquires more negative charge density
when molybdenum is anchored on TA mixed oxide
surface. The atomic intensity ratio measurements give
an impression that the molybdena dispersion is more
on Al2O3 domain than on TiO2 in the case of TA
mixed oxide support. The maximum broadening of
Mo 3d as observed from FWHM values also indicates
that the presence of different Mo(VI) species on the
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TA support. On the other hand, the better resolution
of Mo 3d doublet peaks in the case of MTZ and
MTS catalysts shows a homogeneous distribution of
Mo(VI) species on the TZ and TS support surfaces.
The core electron BE of all the elements in the mixed
oxides investigated have shifted either to lower or
higher side depending on the lattice potential of the
constituent oxide matrices. Kung’s model [46] has
been found to be more pragmatic in explaining the
observed BE shifts due to variation in lattice potential.

Some of these mixed oxide supports investigated are
highly promising for the dispersion of molybdenum
oxide and exploiting them for various commercially
important reactions such as hydroprocessing. Further
studies are under active progress to assess the activ-
ity and selectivity of these catalysts in relation to the
population of Lewis and Brönsted acid sites.
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